P-selectin glycoprotein ligand-1 (PSGL-1) and E-selectin ligand-1 (ESL-1) are the two major selectin ligands on mouse neutrophils. Transfection experiments demonstrate that each ligand requires α1,3-fucosylation for selectin-binding. However, the relative contributions made by the two known myeloid α1,3-fucosyltransferases Fuc-TVII or Fuc-TIV to this α1,3-fucosylation are not yet clear. To address this issue, we have used mice deficient for Fuc-TIV and/or Fuc-TVII to examine how these enzymes generate selectin-binding glycoforms of PSGL-1 and ESL-1 in mouse neutrophils. Selectin-binding was analysed by affinity isolation experiments using recombinant, antibody-like forms of the respective endothelial selectins.
Introduction
The endothelial selectins, P-and E-selectin, are inducible adhesion molecules which initiate the tethering of granulocytes, monocytes and subsets of lymphocytes to endothelium in inflamed tissues (1). Two major glycoprotein ligands for E-and P-selectins have been identified on mouse neutrophils (2). One of these, a 150 kD molecule termed E-selectin ligand-1 (ESL-1) (3) , is recognized by E-selectin, but not by P-selectin. By contrast, dimeric (230 kD) and monomeric (130 kD) forms of the mouse homologue of human P-selectin glycoprotein ligand-1 (PSGL-1) are recognized by both P-selectin and E-selectin (4-6).
Polyclonal antibodies against ESL-1 partially inhibit binding of mouse myeloid cells to E-selectin in non-flow adhesion assays (7) . Monoclonal antibodies against PSGL-1 almost completely block binding of human (8) and mouse (4, 9) neutrophils to P-selectin under flow and non-flow conditions in vitro. These in vitro observations have a physiologically-faithful in vivo correlate, since a mAb against human PSGL-1 has been shown to block rolling of human neutrophils in postcapillary venules of the mouse cremaster muscle (10) . Furthermore, PSGL-1 is indeed relevant for the extravasation of leukocytes in vivo, since adhesion blocking antibodies against mouse PSGL-1 inhibit migration of mouse Th1 cells into inflamed skin and of mouse neutrophils into inflamed peritoneum (4, 11) .
This pair of selectin ligands require certain post-translational modifications for selectinbinding. ESL-1, in contrast to most known selectin ligands, requires N-linked carbohydrates for E-selectin binding. These essential N-linked carbohydrates must be modified with sLe x -like structures generated by α(2,3)-sialylation and α(1,3)-fucosylation (3, 7) . PSGL-1 is a sialomucin that binds via its O-linked carbohydrate side chains to P-and E-selectin. PSGL-1 also requires sLe x -like structures for binding (6) ; these glycan moieties are apparently expressed on branched O-linked polylactosamine side chains generated by the "core2"
GlcNAc(β1,6) transferase (12) (13) (14) . These modifications are sufficient for binding of PSGL-1 to E-selectin. By contrast, binding of PSGL-1 to P-selectin additionally requires sulfation of tyrosine residues within the N-terminus of PSGL-1 (15-17).
The final reaction in the synthesis pathway of selectin-binding glycans is controlled by one or more α(1,3)-fucosyltransferases (α(1,3)-Fuc-Ts). Of the six known Fuc-Ts (Fuc-TIIIFuc-TVII and FucTIX), Fuc-TIV and Fuc-TVII are expressed in leukocytic cells and have been implicated in leukocyte selectin ligand expression (18, 19) . Fuc-TIV, also termed ELFT for "ELAM-1 ligand fucosyltransferase", was reported to generate E-selectin-binding by guest on http://www.jbc.org/ Downloaded from carbohydrate modifications (20) . However, this activity has been observed only when the enzyme is expressed at a certain level and in cells with a certain glycosylation phenotype (21) (22) (23) (24) (25) (26) . The biochemical basis for the selective generation of sLe x -like structures by Fuc-TIV at present is unexplained. Fuc-TVII, by contrast, consistently directs expression of sLe x epitopes in many cell lines upon transfection, and can generate E-and P-selectin binding activity also in those cell lines that do not support Fuc-TIV-directed sLe x expression (27, 28, 16, 29, 12) .
These observations suggest the possibility that the apparently inconsistent ability of Fuc-TIV
to direct E-selectin ligand activity may be accounted for by protein-specific glycosylation processes. Indeed, in cultured CHO-DUKX-B1 cells, we have shown that E-selectin binding glycoforms of ESL-1 are generated by Fuc-TIV as well as by Fuc-TVII, and that both enzymes selectively modify ESL-1, relative to other cellular proteins also capable of modification by Fuc-TIII, a fucosyltransferase with a more promiscuous acceptor substrate specificity (30) .
Analysis of mice deficient in Fuc-TIV and Fuc-TVII reveals that Fuc-TVII deficiency abolishes neutrophil and monocyte E-and P-selectin ligand activity (31), as assessed using Eand P-selectin-IgM flow cytometry probes. Fuc-TVII (-/-) mice exhibit a severe deficit in neutrophil recruitment in the thioglycollate-induced peritoneal exudate model of acute E-and P-selectin-dependent inflammation (31) . By contrast, deletion of the Fuc-TIV locus yields no detectable decrement in neutrophil recruitment in the thioglycollate model (Homeister et al.; in preparation). However, the mean leukocyte rolling fraction in the microvasculature of the cremaster muscle in Fuc-TIV(-/-) mice is diminished and the population of leukocytes that roll at very low velocities (< 10 µm/sec) is absent (Homeister et al.; in preparation). To begin to define the biochemical basis for these observations, and to illuminate the relative roles for Fuc-TIV and Fuc-TVII in the modification of E-and P-selectin ligand activity in myeloid lineage cells, we have examined the relative contributions of these two fucosyltransferases to the generation of selectin-binding forms of PSGL-1 and ESL-1 in mouse neutrophils. Analysis of neutrophil ESL-1 and PSGL-1 in mice deficient for the loci encoding Fuc-TIV and Fuc-TVII discloses that each fucosyltransferase uniquely modifies PSGL-1 and ESL-1, implying that each maintains a glycoprotein-specific substrate recognition repertoire that can account for differential yet overlapping contributions to E-and P-selectin ligand activity. Antibodies and Selectin-IgG Chimera  Polyclonal, affinity-purified antibodies against mouse ESL-1 were isolated from the rabbit antiserum 89060, raised against an ESL-1-IgG fusion protein containing the complete extracellular part of ESL-1 (7). The rabbit anti mouse PSGL-1 antiserum 124 was raised against a peptide covering amino acids 42-60 of the sequence of murine PSGL-1 as described (11) . Specific antibodies were purified by affinity isolation on the BSA-conjugated PSGL-1 peptide linked to CNBr-Sepharose as described (33) . The fusion proteins P-selectin-IgG and E-selectin-IgG have been produced as described elsewhere (33) . Conjugated antibodies and streptavidin were purchased from dianova, Hamburg, Germany.
Stable Transfections  Stable transfections were performed as described (30 detected either by fluorography using Kodak X-AR X-ray films (Kodak, Stuttgart, Germany)
or by analysis with a Fuji Bas 1000 Bio-Imaging Analyser (Fuji, Japan).
Cell surface biotinylation -5×10 7 neutroplils from mouse bone marrow were surface biotinylated in 1 ml PBS containing 0.5 mg/ml Sulfo-NHS-biotin (Pierce) for 30 min on ice.
The reaction was blocked by incubating the cells with 0.5 ml DMEM (Gibco/BRL) for 5 min on ice. Cells were washed with 1 ml DMEM once and 1 ml PBS twice. Labeled cells were lysed in 1 ml lysis buffer for 30 min on ice and then subjected to immunoprecipitation. Blanks were prepared by omitting the acceptor in the reaction mixture. After incubation at 37°C for 2 h, 1 ml of a Dowex 1-X8 slurry (1:4 (w/v) in water) was added to the reaction and vortexed. 500 µl of the supernatant was counted in 5 ml of scintillant (Ultima Gold XR, Packard). To obtain values solely due to fucosylation of acceptor substrate, total counts of the control (without acceptor substrate) were subtracted from total counts of samples with acceptor. The specific activity of the fucosyltransferase was calculated as pmol/min/mg. for 50 s, and 72°C for 50 s; and by a single incubation at 72°C for 7 min. To compare the mRNA expression levels in more detail, PCR was carried out as above using two fold serial dilutions of the input cDNA. PCR products were separated by 1.5% agarose gel electrophoresis, transfered to nitrocellulose membrane and hybridized with 32 P-labeled cDNA probes for C2GnT or β-actin (10
Results

Affinity isolation experiments with E-and P-selectin-IgG on metabolically labeled mouse
neutrophils from fucosyltransferase deficient mice. We sought to define the nature of the individual fucosyltransferases that modify the selectin ligands PSGL-1 and ESL-1 in mouse neutrophils, thus enabling these leukocytes to bind to P-selectin or E-selectin. Prior reports imply that the fucosyltransferases Fuc-TIV and Fuc-TVII are expressed in myeloid lineage cells, and are the likely candidates for this process (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . We therefore analysed neutrophils from mice deficient for the genes corresponding to one or the other, or both, of these two enzymes. Expression of glycoprotein ligands for E-selectin and P-selectin was assessed using neutrophils that had been metabolically labeled with In Fuc-TVII-deficient neutrophil lysates, however, the E-selectin-IgG chimera does not immunoprecipitate PSGL-1, even though Fuc-TVII-deficient neutrophils express virtually normal amounts of PSGL-1 (Fig. 2) . Conversely, Fuc-TVII deficiency does not significantly diminish the amount of ESL-1 retrieved from neutrophil lysates by the E-selectin-IgG chimera (Fig. 1 ).
These observations imply that in mouse neutrophils, Fuc-TIV makes a major, if not exclusive, contribution to E-selectin-binding forms of ESL-1, but contributes little, to E-10 10
selectin-binding forms of PSGL-1. Conversely, these results imply that Fuc-TVII makes an essential contribution to the E-selectin ligand activity exhibited by PSGL-1, but indicate that Fuc-TVII adds little to the E-selectin ligand activity of ESL-1. These conclusions are supported by observations made with neutrophils deficient in both fucosyltransferases, since the essentially normal quantities of PSGL-1 and ESL-1 present in such cells (Fig. 2) are devoid of glycoforms that bind to the E-selectin-IgG chimera (Fig. 1) .
Analogous results were obtained in affinity isolation experiments with P-selectin-IgG (Fig. 1) . As shown in previous studies (7), the P-selectin-IgG chimera retrieves PSGL-1, but not ESL-1, from wild type neutrophil lysates. The P-selectin-IgG chimera also retrieves substantial quantities of P-selectin binding glycoforms of PSGL-1 from the lysates of Fuc-TIV-deficient neutrophils (Fig. 1) . However, the P-selectin-IgG reagent does not recognize PSGL-1 in neutrophils prepared from mice deficient in Fuc-TVII, or in mice deficient in both
Fuc-TIV and Fuc-TVII (Fig. 1) , even though these leukocytes maintain normal levels of PSGL-1 immunoreactivity (Fig. 2 ). These results demonstrate that Fuc-TVII provides an essential contribution to the synthesis of P-selectin binding glycoforms of neutrophil PSGL-1, and imply that contributions by Fuc-TIV to this process will have a less prominent effect on P-selectin ligand affinity.
Semi-quantitative comparison of the binding of the selectins to PSGL-1 and ESL-1 from
fucosyltransferase deficient neutrophils. While the lack of E-and P-selectin binding to PSGL-1 from Fuc-TVII deficient neutrophils was very evident (Fig.1) , the contribution of Fuc-TIV was more difficult to judge from these data. Therefore, we decided to analyse selectin- (Fig. 4A) while the ESL-1 signal was strongly reduced in Fuc-TIV deficient cells (Fig. 4A ). E-selectin-IgG-reactive PSGL-1 was well detectable from 0. Fuc-TIV enzyme activity in cell lysates and was found to be even higher than the expression level of Fuc-TIV in the transfected CHO-DUKX-B1 clone (Fig. 7) . This demonstrated that the lack of selectin-binding of PSGL-1 in CHO-Pro -5 cells was not due to insufficient levels of (4, 38) and is certainly based on interactions with P-selectin. The functional relevance of PSGL-1 as an E-selectin ligand is still unclear, since neutrophils from PSGL-1-deficient mice still roll on E-selectin (38) . In contrast to PSGL-1, ESL-1 on Fuc-TVII deficient neutrophils can be affinity isolated by an E-selectin probe with similar efficiency as ESL-1 on wt neutrophils. This suggests that ESL-1 is not sufficient to generate E-selectin binding activity on neutrophils which would be detectable by FACS analysis with an E-selectin-IgM probe or which would be sufficient for leukocyte extravasation. One possible explanation for this is that ESL-1, although clearly detectable by antibodies on the surface of neutrophils and lymphocytes (39) , is expressed on the cell surface at levels which cannot be easily detected by The lack of any effect of the Fuc-TIV deficiency on neutrophil migration into inflamed peritoneum is in agreement with the only weakly affected binding of PSGL-1 to E-and Pselectin in these mice. By contrast, the only strong effect detected in Fuc-TIV deficient mice was the strong, although not complete, reduction in the binding of ESL-1 to E-selectin. Since ESL-1 is an E-selectin-specific ligand that does not bind to the other selectins the strong reduction of ESL-1-binding to E-selectin can only affect E-selectin specific functions. Eselectin deficiency does not affect neutrophil migration into inflamed peritoneum (41) , thus, it
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is not surprising that the strong reduction of ESL-1-binding to E-selectin does also not affect by guest on November 6, 2017
